The phylogenetic relationships of all species in the genus Cantpylobacter, Wolinella succinogenes, and other gram-negative bacteria were determined by comparison of partial 16s ribosomal ribonucleic acid sequences. The results of this study indicate that species now recognized in the genus Campylobacter make up three separate ribosomal ribonucleic acid sequence homology groups. Homology group I contains the following true Campylobacter species: Campylobacter fetus (type species), Campylobacter coli, Campylobacter jejuni, Campylobacter laridis, Campylobacter hyointestinalis, Campylobacter concisus, Campylobacter mucosalis, Campylobacter sputorum, and ' 'Campylobacter upsaliensis" (CNW strains). "Campylobacter cinaedi," 'Campylobacter fennelliue," Campylobacter pylori, and W. succinogenes constitute homology group 11. Homology group I11
the CNW strains represent a distinct species (36). Campylobacter cryaerophila (sic) is an aerobic species that causes abortions in pigs, cattle, horses, and sheep and can occasionally be isolated from human infections (17, 27), whereas Campylobacter nitrofigilis is a microaerophilic, NaC1-requiring, nitrogen-fixing bacterium found in the roots of salt marsh grasses (25) .
The classification of the genus Campylobacter has always been somewhat difficult. Because these organisms do not catabolize carbohydrates and are inert with regard to most traditional biochemical tests used for the identification of bacteria, only a relatively small number of tests are available for the identification and classification of campylobacters (35, 36) . Consequently, classification of campylobacters based on only a few biochemical and physiological tests gives few means to accurately differentiate species.
Although DNA homology studies have shown that the current Campylobacter species are distinct from one another (1, 2, 9, 11, 21, 30, 31, 35, 36, 47), they have not answered the question of whether these species are sufficiently related to justify classification within a single genus. Comparison of 16s ribosomal ribonucleic acid (rRNA) sequences for phylogenetic analysis has proven to be a powerful tool for accurate classification of microorganisms above the level of species (7, 29, 40, 41, 49, 50) . The recent development of a technique which facilitates the rapid generation of partial 16s rRNA sequences has allowed researchers to determine the phylogenetic relationships among bacteria (18). Using this technique, Romaniuk et al. (34) concluded that C . pylori is not related at the genus level to C . jejuni, C. coli, C. fetus subsp.fetus, C. laridis, or C. sputorum biovar sputorum and that these latter species represent the true genus Campylobacter. C. pylori was more closely related to Wolinella succinogenes than to the other campylobacters. Using data based on partial 16s rRNA sequences, Lau et al. (19) reported that C. jejuni, C. coli, and C. laridis are very closely related, that the C. jejuni-C. coli-C. laridis group, C . fetus, C. sputorum biovar fecalis, and C. pylori are all distinct from one another, and that W. succinogenes is related to the campylobacters. More recently, Paster and Dewhirst (32) confirmed the relationship between W. succi-nogenes and C. pylori based on analysis of partial 16s rRNA sequences and also reported that Wolinelln recto. Wolinellcr ciirvn , Bacteroides gracilis, and Bncteroides iireolyticiis belong to the same cluster as the true campylobacters.
The partial 16s rRNA sequence analyses reported to date are incomplete because they have included only a limited number of Campylobncter species. We report here the results of comparisons of partial 16s rRNA sequences from all 14 species of Cnmpylohac*ter and the relationships of these organisms to one another and to other gram-negative bacteria.
MATERIALS AND METHODS
Bacterial strains and growth of stock cultures. The Cmmpylobacfer strains used in this study are listed in Table 1 . With the exception of the CNW group, the type or proposed neotype strain of each species was used. The identity of each strain was confirmed by differential biochemical tests (35, 36) or by comparison of its rRNA sequence with previously published sequences (34) . C. coli, C. jejirni, C. fetiis subsp. fetus, C. jetus subsp. venererrlis, C. liyointestinulis, C. Inridis, C . spirtorurn biovar sputorum, and CNW strain CG-1 were cultured under an air atmosphere at 37°C in brucella semisolid medium (brucella broth [GIBCO Laboratories, Grand Island, N . Y .] containing 0.15% agar). C. c*iynerophila and C . nitrojigilis were cultured in brucella semisolid medium under an air atmosphere at 30°C. The medium for C. nitrojigilis was supplemented with 1.0% NaCI. C. nzircosalis, C. concisus, C . pylori, "C. cinnedi." and "C. fennelliae" were cultured in brucella semisolid medium at 37°C under an atmosphere containing 6% 02, 10% CO?, 15% HZ, and 69% N,. The medium for C . nirrcosnlis and C . concisirs was supplemented with 0.3% fumaric acid.
Isolation of RNA. Biphasic culture systems employing Roux bottles were used for the growth of all strains, as described by Roop et al. (35, 36) . Bulk cellular rRNA was isolated by a modification of a previously described procedure (14. 16) . Lysates of cells disrupted with a French pressure cell were extracted with a phenol-cresol solution; 16s rRNA was selectively precipitated from the soluble ribonucleic acid (RNA) and DNA by adding cold (-20°C) 7.5 M ammonium acetate. The rRNA was stored at -20°C in a buffer consisting of 0.15 M NaCI, 0.01 M sodium ethylenediaminetetraacetate, 1.0 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES buffer), and 1.0% sodium dodecyl sulfate. The sodium dodecyl sulfate was included to inhibit the activity of ribonucleases; its omission resulted in RNA degradation even at -20°C.
Synthesis and purification of oligonucleotide primers. Primers complementary to conserved regions of the 16s rRNA molecule were prepared by using a DNA synthesizer (model 381A: Applied Biosystems, Foster City, Calif.). The five primers used in this study were complementary to the following regions of Eschericlzin c d i 16s rRNA (5' to 3'): positions 321 to 340,519 to 536,907 to 926,1220 to 1239, and 1388 to 1407. Crude oligonucleotide preparations were purified by thin-layer chromatography (Brian Reid, personal communication). diluted to a concentration of 0.1 mg/ml with TE buffer [lo mM tris(hydroxyrnethy1)aminomethane base and 0.1 mM ethylenediaminetetraacetate, pH 8.01, and stored at -20°C.
Preparation of RNA for sequencing. The sodium dodecyl sulfate present in the rRNA storage buffer was removed prior to base sequencing by extraction with a phenol-chloroform-salts solution. This was followed by extraction with secondary butanol to remove any residual phenol. The rRNA was precipitated in 2 volumes of cold (-20°C) 95% ethanol and dissolved in TE buffer to a concentration of 2.0 mg of RNA per ml.
Determination of RNA base sequences. Partial 16s rRNA sequences were determined by a procedure based on that of Lane et al. (18) . Certain modifications in this procedure (see below) were made to enhance the resolution of base sequence ambiguities. Microfuge tubes (0.5 ml) served as reaction vessels throughout the procedure. Oligonucleotide primers were hybridized to the 16s rRNA template in a reaction mixture consisting of 1.0 pl of RNA (2.0 pg/pl), 2.0 pl of primer (0.1 pg/pl), 1.0 pI of 5x hybridization buffer [250 mM tris(hydroxymethy1)aminomethane hydrochloride, 500 mM KCI, pH 8.51. and 1.0 pl of water. The reaction mixtures were heated at 90°C for 2 min, allowed to cool to 60°C over a period of 30 min, and then placed on ice. To this mixture we added 5.0 pl of 5~ reverse transcriptase buffer Reactions were stopped by adding 6.0 pl of stop mixture (86% formamide, 10 mM ethylenediaminetetraacetate, 0.08% xylene cyanol, 0.08% bromophenol blue). Complementary DNA was denatured from the RNA template by heating each sample at 90°C for 2 min immediately prior to loading the sample on the sequencing gel. The sequencing gels were 8% polyacrylamide-8 M urea buffer gradient gels and were 0.4 mm thick and 40 cm long.
To improve the analysis for campylobacters, certain aspects of the procedure described above, as determined by experimentation, differed from the procedure described by The temperature of the reverse transcriptase reaction was increased from 37 to 48°C to minimize the band anomalies (presumably attributable to the secondary structure of the rRNA) that occurred across all four lanes of the sequencing gel when the lower temperature was used. Temperatures higher than 48°C were less effective, probably because of degradation of the reverse transcriptase. (iii) To minimize nonspecific binding of the primers to the template rRNA, the samples were heated at 90°C for 2 min instead of 1 min, and they were allowed to cool to 60°C over a 30-min period instead of to 25°C over a 10-min period.
Comparison of RNA sequences. Sequence homologies were calculated by using methods described previously (24, 29) . Positions of unknown base composition and ambiguous regions of alignment were eliminated prior to homology calculations. Alignment gaps were assigned one-half the value of a nucleotide base in the same position. Similarity coefficients were calculated, and a dendrogram was constructed by using the Numerical Taxonomy System (NT-SYS) analysis program (33) .
RESULTS
The partial 16s rRNA sequences determined for the 14 Campylobucter species are aligned in Fig. 1 with the known sequences for representatives of the three major branches of the purple bacteria-Agrobacterium tumefaciens (alpha branch), Pseudomonas testosteroni (beta branch), and E. coli (gamma branch) (52)-and W. succinogenes (19) . The levels of similarity of the aligned sequences after removal of all base positions of unknown composition and all ambiguous sequence alignments are shown in the upper portion of Table 2 . The 14 Campylobacter species could be assigned to three distinct rRNA sequence homology groups. The three groups are especially apparent when the positions of base sequences common to all of the organisms are removed from consideration (lower portion of Table 2 ). Such common base sequences are of little phylogenetic value (48) . Organisms that are closely related continue to exhibit high levels of rRNA sequence homology. The relationships among the various species are represented graphically in Fig. 2 .
Group I contains the following nine species: C. coli, C.
jejuni, C . laridis, CNW strain CG-1, C. fetus (both subspecies), C. hyointestinalis, C. concisus, C. mucosalis, and C. sputorurn. These species have interspecies homology values ranging from 83.2 to 96.8%. Group I could be further divided into two subgroups. Subgroup 1 includes C. coli, C.jejuni, C . laridis, and CNW strain CG-1, which have interspecies homology values of 292.0%. Subgroup 2 includes C. fetus, C. hyointestinalis, C. concisus, C . mucosalis, and C . sputorum, which have interspecies homology values of 288.0%. Group I1 contains " C . cinaedi," "C. fennelliae," and C.
pylori, which have interspecies homology values ranging from 82.5 to 88.8%. Group I1 also includes W. succinogenes, which exhibits levels of homology of 80.1 to 86.8% with the three Campylobacter species. Group I11 contains C. cryaerophila and C. nitrofigilis, which have an interspecies homology value of 86.9%.
The homology level between groups I and I1 is 72.4%. Groups I and I1 are related to group I11 at a level of 68.8%.
The levels of partial 16s rRNA sequence homology among the three major branches of the purple phototrophic bacteria were determined by comparing the known sequences for representatives of each branch. A . tumefaciens and P. testosteroni were related at a level of 56.0%, A. tumefaciens and E . coli were related at a level of 58.2%, and E . coli and P. testosteroni were related at a level of 57.0%. Groups I, 11, and I11 exhibited a level of rRNA sequence homology of 49.3% with the above three representative species.
DISCUSSION
In general, our results agree with those of Romaniuk et al. (34) , Lau et al. (19) , and Paster and Dewhirst (32) . In the present study, all species of the genus Campylobacter were included, and all were represented by type strains (or, in the case of the CNW group, an established reference strain). Lau et al. (19) did not use type strains in their study. In investigations of this type it is essential that type strains, which are the permanent examples of the species, be used rather than clinical isolates that may not be identified correctly. The low intergroup rRNA sequence homology values among groups I, 11, and I11 indicate that these groups should not continue to be included within a single genus. Because group I contains the type species, C. fetus, only this group could represent the genus Campylobacter.
The finding that one subgroup within group I contains C. coli, C. jejuni, and C. laridis is consistent with previous data from DNA reassociation experiments; these three species were more closely related to one another as determined by DNA reassociation than to any other Campylobacter species (1, 31, 35, 47) . Our findings indicate that CNW strain CG-1, which represents a distinct species as determined by DNA homology data (36) , also belongs to this subgroup. A comparison of the phenotypic properties of the four species indicates that they can all grow at 42°C (2, 10, 35, 36, 39) and that they are all catalase positive except the CNW strains, which may give a negative, weakly positive, or delayed reaction depending on the cultural conditions (37) .
The second subgroup within group 1 includes C. fetus and C . hyointestinalis; this is consistent with previous data from DNA reassociation experiments which indicated that these two species are related (36) . Our findings indicate that C. concisus, C. mucosalis, and C. sputorum also belong to this subgroup. A phenotypic comparison indicates that all of the species except C. fetus can grow at 42"C, all except C. fetus subsp. venerealis can grow in the presence of 1% glycine, and all except C. concisus are susceptible to cephalothin (35, 36) .
Group I1 contains C . pylori, "C. cinaedi," " C . fennelh e , " and W. succinogenes. Our results confirm those of . , , , , . . e : . . . . . . . . results further indicate that the level of rRNA sequence homology between C. pylori and W . succinogenes is 80.1% and that, as a group, W . succinogenes, "C. ciulaedi," and "C. fennelliae" are related to C. pylori at a level of 82.8%. Because the error in the RNA sequencing procedure used in this study is approximately 1.0% (18) , it seems arbitrary to exclude any of these species from the genus represented by group 11. W. succinogenes is the type species of the genus Wolinella, and thus the genus represented by group I1 should bear the name Wolinella. W. succinogenes is presently defined as being anaerobic, catalase negative, and H,S positive, with a guanine-plus-cytosine content of 42 to 48 mol% (44) . However, in 1961, Wolin et al. (51) clearly showed that W . succinogenes (then called " Vibrio succinogenes") is oxidase positive and is capable of using 0, as a terminal electron acceptor under microaerobic conditions (approximately 2% O,), but not under atmospheric levels of 0,. Regardless of whether fumarate may be a more efficient terminal electron acceptor than 0,, the fact remains that anaerobes are not capable of using 0, as a terminal electron acceptor for respiration. These findings, along with additional evidence on the electron transport system (12, 13) , indicate that W . succinogenes is not an anaerobe but is instead an H,-requiring microaerophile. C. pylori, "C. cinaedi, " and "C. fennelliae" are microaerophilic, grow best in a microaerobic atmosphere containing H, (data not shown), are catalase positive and H,S negative, and have a guanine-plus-cytosine content of 37 to 38 mol%. Consequently, the description of the genus Wolinella should be emended to include these species.
Results recently obtained by Paster and are not true wolinellas; instead, they are closely related to C. jejuni, C. coli, C. laridis, C. fetus, C. concisus, and C. spurorurn. Thus, they belong to homology group I. Moreover, Paster and Dewhirst indicated that two other putative anaerobes, B . gracilis and B . ureolyticus, also are closely related to the true campylobacters. Consequently, these species should also be included in homology group I. Whether all of these species are microaerophilic requires investigation.
Group I11 consists of C. cryaerophila and C . tzitrojigilis, which are related at an rRNA sequence homology value of 86.9%. In view of the fact that C . cryaerophila is an aerobe that causes abortion in pigs and other animals and occasionally causes blood infections in humans, whereas C. nitrojigilis is a microaerophilic, NaC1-requiring nitrogen fixer associated with the roots of marsh grasses, a phenotypic definition of the genus represented by these two species is elusive. However, now that the relationship between the two species is known, further characterization studies might reveal unifying phenotypic similarities. For instance, both species have optimal growth temperatures below 37"C, and they can grow at temperatures as low as 6°C (25, 27) . Moreover, it is interesting that 80% of the C. nitrojigilis strains characterized by McClung et al. (25) exhibited urease activity and that 75% of the strains grew in 1% bile. Such features might be indicative of a bacterium which has an animal host, and this suggests that the habitat of this species might not be (or might not have been) limited to marsh grass roots.
The difficulty in arriving at suitable, mutually exclusive phenotypic descriptions of the genera and some species represented by groups I, 11, and I11 can be attributed to the present paucity of phenotypic characteristics for campylo-On: Sun, 02 Dec 2018 21:32:40 VOL. 38, 1988 PHYLOGENETIC STUDY OF CAMPYLOBACTER 199 bacters and Wolinella and also to the fact that not all of the organisms have been compared by the same tests and methods. Now that the relationships among the campylobacters have been delineated, it is to be hoped that unique differential phenotypic features of each genus represented by the three rRNA sequence homology groups can be discovered. It is not yet clear just where campylobacters belong among the eubacteria. The fact that groups I, 11, and I11 are related to one another at a level of 68% strongly suggests that the three groups belong together on the same phylogenetic branch. Romaniuk et al. (34) indicated that campylobacters appear to belong to a previously undefined phylogenetic branch, based on a signature sequence analysis and on a comparison of sequence data with partial sequences from representatives of 8 of the 10 major phylogenetic branches of the eubacteria. Our data indicate that groups I, 11, and I11 have an overall rRNA sequence similarity of 49.3% to representatives of the alpha, beta, and gamma phylogenetic branches of the purple bacteria. This is a depth of divergence that is even greater than that among the three branches themselves and is consistent with the conclusion reached by Romaniuk et al. (34) .
